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the short run dynamics of the cointegrated model are likely to shift
across regimes while the equilibrium relation implied by the expec-
tations hypothesis of the term structure is robust to regime shifts.
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The information content of the term structure of interest rates has been studied
intensively. Despite the poor empirical performance of the leading theoretical
model, the expectations hypothesis, the yield curve is widely used as an indicator
of monetary and ﬁnancial conditions. According to this theory, the spread be-
tween long- and short-term yields contains information about the future course of
interest rates. This paper sidesteps these short-run issues and instead focuses on
the long-run implications of the expectations hypothesis, that is, the necessary
conditions for the expectations hypothesis to hold. The expectations hypothe-
sis implies that long and short rates should be cointegrated with cointegrating
coeﬃcients summing to zero.
While the cointegration properties of the term structure are studied widely, an-
other strand of multivariate term structure modelling analyzes regime shifts in
the stochastic processes generating interest rates. These lines of research are
largely separate strands of the literature. Furthermore, recent research points to
instability in the short-run dynamics of cointegrating models of the term struc-
ture. These studies either assume one-time structural shifts at predetermined
dates or non-linearities governed by an observable threshold. Thus far the coin-
tegration properties and the Markov-switching behavior have not been studied
jointly. Previous cointegration models are not capable to shed light on shifting
risk premia and other regime-dependent dynamics which are likely to be induces
by regime shifts in monetary policy.
This paper provides an unifying approach and introduces regime shifts into the
cointegrated VAR model of the term structure. The state variable is unobserv-
able and the model endogenously determines the characteristics of the regimes
and the break dates. Drawing on recent empirical research this paper argues
that the cointegrating relation linking long and short yields is likely to be ro-
bust to regime shifts while the short-run dynamics including the term premium
and the equilibrium adjustment are dependent on the prevailing unobservable
regime. Thus, this paper reconciles ﬂuctuations in stationary risk premia and
error-correction parameters with the long-run equilibrium relation implied by
the expectations hypothesis.
We ﬁt a Markov-switching vector error-correction model (MS-VECM) to monthly
U.S. data where the risk premium, the short-run drifts, and the loadings are
regime-dependent. Given the one-to-one cointegrating relation between the
three-months and various long rates and, thus, the stationarity of risk premia,
the model is able to detect discrete shifts in the stochastic process corresponding
2to well known episodes of U.S. monetary policy. The model identiﬁes a regime
with a high risk premium (that grows with maturity of the long bond) and a
strong drift that prevails during the non-borrowed reserve-targeting episode of
Federal Reserve policy during 1979-1982. Furthermore, the adjustment of long
rates towards the equilibrium yield spread is much faster when the term premium
and the interest rate volatility are high. Thus we supplement recent ﬁndings of
e.g. Hansen (2003) who identiﬁes shifts in risk premia and short-run dynamics
at predetermined dates. This paper, on the contrary, lets the model endoge-
nously choose the dates of regime shifts and models recurrent structural change
supported by a large literature as opposed to occasional structural instability.
The plan of the paper is the following: The next section derives the cointegrating
properties from a simple exposition of the expectations hypothesis and provides
a brief review of two strands of the literature, namely on the cointegrating prop-
erties and the regime-shifting behavior. Section three sets up a linear VECM
and tests the cointegrating properties for U.S. data while section four proposes
a regime switching VECM approach and interprets the ﬁndings in light of the
theory. Section ﬁve ﬁnally concludes.
2 Information in the term structure of interest rates
This section gives a brief overview of recent research on the equilibrium relation-
ship between interest rates of diﬀerent maturity. We ﬁrst derive the cointegrating
properties implied by a standard formulation of the expectations hypothesis of
the term structure and then survey the existing evidence with a special focus on
the regime-shifting behavior of interest rates and, hence, the term structure.
2.1 Cointegration and the expectations hypothesis
The expectations hypothesis of the term structure of interest rates implies a
stable one-to-one relationship between short and long rates. Suppose an n period
pure discount bond yields Rt(n) while the forward rate Ft(n) is the yield from
contracting at time t to buy a one period pure discount bond at time t+n which








3The expectations hypothesis says that
Ft(n)=Et (Rt+n(1)) + θ(n), (2)
where θ(n) is the risk premium and Et denotes the expectations operator based
























j=0 Etθ(j) as the expected average term premium. The pure
expectations hypothesis requires φ(n)=0 , while weaker versions restrict this
term to be constant. This no-arbitrage condition says that the long rate equals
the weighted average of the expected short rates. The term premium measures
the additional gain from holding long-term bonds relative to rolling-over one-




Et (∆Rt+i(1)) + Rt(1) (4)
and rearranging results in











 + φ(n), (5)
where ∆ is the diﬀerence operator. From this expression we can derive the coin-
tegration properties. Assuming that Rt(1) and Rt(n) are integrated of order one,
I(1), it follows that the right-hand side of (5) is stationary (provided a station-
ary risk premium). Thus, the linear combination Rt(n)−Rt(1) is stationary. In
other words, the vector xt =[ Rt(n),R t(1)]
0 is cointegrated with a cointegration
vector β =( 1 ,−1)
0. The necessary condition for the expectations condition to
hold is that we can impose the restriction β =( 1 ,−1)
0 onto the yield spread. In
this case the term premium is stationary.
The risk premium φ(n) will later be reﬂected as a constant in the cointegrating
space. Note that the relation described by (5) holds for any pair (n,1).I nt h e
following we assume that the short rate is the three-months interest rate Rt(3)
and analyze Rt(n) − Rt(3) for n ∈ {6,12,24,60,120} months.
4The seminal work of Campbell and Shiller (1987) shows that present value models
imply cointegration. They ﬁnd a cointegrating vector of (1,−1)
0 as required by
the expectations hypothesis. These cointegrating properties of the term structure
are also examined by Hall, Anderson, and Granger (1992) who estimate a VECM
system for twelve variables and ﬁnd a cointegration vector consistent with the
theory. Shea (1992) examines pairwise cointegration relations and ﬁnds mixed
evidence for very wide horizons. Engsted and Tanggaard (1994) also ﬁnd support
for the long-run implications of the expectations hypothesis for the U.S. while
Cuthbertson (1996) provides support from UK interbank data.
Although these studies suggest that the term premium is stationary, a large
body of research initiated by Engle, Lilien, and Robins (1987) conﬁrms the
time-varying nature of risk premia in excess holding yields that increase with
volatility. Hence, a main point of term structure modelling is to quantify the
size and the behavior of the term premium. This paper supplements existing
cointegration studies by showing the dynamics of the term premium given its
stationarity.
2.2 Regime shifts in the term structure
A large strand of the literature argues that regime shifts in monetary policy
translate into regime shifts in interest rates and, thus, into regime-dependent
behavior of the term structure. The change in the operating procedures of the
Federal Reserve between 1979 and 1982 are frequently seen as a potential source
of regime shifts in the term structure motivating many Markov-switching ap-
plications. In 1979 the Federal Reserve moved from interest rate targeting to
money growth targeting and allowed the interest rate to ﬂuctuate freely. This
shift resulted in dramatically higher and more volatile short-term interest rates
as can be seen from ﬁgure (1) and is likely to have induced a change in the
stochastic process of the entire term structure.
Sola and Driﬃll (1994), among others, estimate a vector autoregression (VAR)
for three and six months rates and allow for Markov regime shifts. They ﬁnd their
multivariate model to be more eﬃcient than Hamilton’s (1988) original regime-
switching contribution. Regime shifts occur between 1979 and 1982 during the
monetary targeting intermezzo of the Federal Reserve.2 Moreover, they cannot
reject the short-run rational-expectations restrictions implied by the expecta-
tions hypothesis. Similar studies by Kugler (1996) and Engsted and Nyholm
2Fuhrer (1996) shows that minor shifts in the coeﬃcients of the central bank’s reaction
function can signiﬁcantly aﬀect the behavior and the information content of the term structure.
5(2000), among many others, for Swiss and Danish data support the regime-
dependent behavior of the term structure but provide mixed results on the va-
lidity of the expectations hypothesis.
Thus, the regime-dependent nature of term structure dynamics is a stylized fact.3
However, the aforementioned studies model shifts in interest rates in a stationary
VAR system in ﬁrst diﬀerences since interest rates are likely to be I(1). Thus,
they disregard the long-run equilibrium relations prevailing in the levels of the
series and implied by the expectations hypothesis. Thus far the cointegrating
properties and the regime shifts are treated separately.4 This paper, on the
contrary, proposes a joint modelling approach.
Another line of research studies potential instability in cointegrated systems and
applies various testing procedures to term structure data. Hansen (1992a) de-
velops a Lagrange-Multiplier test for parameter instability and ﬁnds a stable
one-to-one relationship over the period 1960 to 1990. Hansen and Johansen
(1999) elaborate a recursive maximum likelihood procedure that employs the
time paths of the eigenvalues to analyze the stability of a VECM. This test con-
ﬁrms the constancy of the cointegrating vector for a set of four U.S. interest
rates. Hansen (2003) generalizes Johansen’s (1988) maximum likelihood proce-
dure to allow for structural change. He ﬁnds signiﬁcant changes in the short-run
dynamics of the VECM in September 1979 and October 1982 but cannot re-
ject the stable long-run equilibrium. The risk premium, the variance-covariance
matrix, and the adjustment coeﬃcients are subject to discrete shifts while the
cointegrating vector is unaﬀected by shifts in monetary policy. This econometric
exercise, however, requires the dates of the regime shifts (and the cointegra-
tion rank) to be known in advance and tests for multiple breaks as compared
to recurrent shifts between a predetermined number of distinct regimes. The
attractiveness of the Markov-switching approach, on the contrary, is that the
model endogenously separates regimes and dates their shifts without imposing
a priori break dates.
Related studies argue that the term structure is characterized by non-linear and
3Additional evidence on the regime-dependent stochastic processes determining interest
rates is presented in Ang and Bekaert (2002), Bekaert, Hodrick, and Marshall (2001), and
Gray (1996).
4The short-term predictive power of the term structure for future interest rates may be
severely impaired by the existence of a peso problem when the sample moments do not coincide
with population moments taken into account by rational agents. Peso problems provide an
additional motivation to employ state-dependent regression models, see Bekaert, Hodrick, and
Marshall (2001).
6asymmetric adjustment towards the equilibrium in the sense that a regime-shift
occurs once the spread crosses a certain threshold. Hansen and Seo (2002) and
Seo (2003) develop a threshold cointegration model and ﬁnd evidence of non-
linear mean reversion. Their approach requires setting thresholds prior to esti-
mation.5 Enders and Siklos (2001) examine a similar question within a residual-
based test for cointegration. While the state variable is observable in their case,
this paper puts forward a regime switching model with an unobservable state
variable. Moreover, while these studies model non-linearity depending on the
size and the sign of deviations from equilibrium, the model presented in this
paper exhibits non-linearity over time.
It appears as a consensus view that the long-run cointegrating properties of the
term structure are robust to regime shifts. In fact, Engsted and Tanggaard
(1994, p. 175) argue that "the one-to-one relationship between long- and short-
term rates given by the expectations hypothesis is not in any way dependent on
the speciﬁc process generating short-term rates. If the expectations hypothesis
is true, we therefore expect the cointegration implications to hold for the whole
period and not just in periods of stable monetary policy". Hence, the low fre-
quency properties of the term structure (i.e. the cointegrating vector) should be
robust to regime shifts while the high frequency properties (i.e. the risk premium
and the short-run dynamics) are likely to reﬂect regime shifts. This approach is
pursued in the rest of this paper.
The studies surveyed here cannot detect the regime-switching dynamics of risk
premia in the presence of cointegration in the long-run. As Kozicki and Tinsley
(2002) note, there might be considerable variation in risk premia over time which
are possibly related to the behavior of monetary authorities. We model a coin-
tegrated VAR model for a pair of yields and allow for unobservable regime shifts
in the term premium, the short-term drift, and the error-correction mechanism
given a stable long-run equilibrium.
2.3 The data set
We employ the widely used data set constructed by McCulloch and Kwon (1993)
f r o mr a wd a t ao nU . S .T r e a s u r yb i l l sa n de x t e n d e db yG r e g o r yD u ﬀee to include
5Sarno and Thornton (2003) analyze the asymmetric and non-linear relationship between the
federal funds rate and the three-months Treasury bill rate within a threshold error-correction
model.
7data through 1998.6 The monthly data set covers the period 1970:01 to 1998:12,
giving a total of 348 data points, and comprises annual yields on pure discount
(zero coupon) bonds for maturity (in months) n ∈ {3,6,12,24,60,120}.I n
terms of quality and consistency this data set is unique and closely matches the
requirements of the expectations theory. A plot of each series is presented in
ﬁgure (1).
Standard Augmented Dickey-Fuller and Phillips-Perron tests, whose results are
reported in table (2), cannot reject the hypothesis of a unit root for each matu-
rity. In other words, Rt(n) is I(1) as found by previous research. Moreover, the
Kwiatkowski-Phillips-Schmidt-Shin test rejects the hypothesis of stationarity at
high signiﬁcance levels. The yield spreads Rt(n) − Rt(3), in contrast, are I(0)
since the tests reject the hypothesis of a unit root at the highest level of signiﬁ-
cance. Thus, the spread is a stationary linear combination of yields as required
by the expectations hypothesis. The interest rate spreads are depicted in ﬁgure
(2).
3 The cointegrating properties in a linear VECM
To study the cointegrating and the regime-switching properties we proceed in two
steps. In this section we develop a bivariate VECM approach for the term struc-
ture. The cointegrating properties are derived using Johansen’s (1988, 1991)
maximum likelihood procedure for a linear VECM. In a subsequent section the
model is extended to include regime-dependent coeﬃcients given the cointegrat-
ing properties found in the ﬁrst step.
Assume that we can describe the pairwise dynamics of long- and short-term
interest rates by a bivariate VAR(1) system
xt = v + Γ1xt−1 + εt (6)
with xt =( Rt(n),R t(3))0 and normally distributed Gaussian innovations εt ∼
IID N(0,Σ). The intercept terms are collected in the (2 × 1) vector v.B y
subtracting xt−1 from both sides this system can be written as a vector error-
correction model (VECM) with Π = Γ1 − In and the diﬀerence operator ∆
∆xt = v + Πxt−1 + εt. (7)
6This data set is publicly available under
http://faculty.haas.berkeley.edu/duffee/affine.htm.
8Given that the variables in xt are I(1) Johansen (1988, 1991) formulates the
hypothesis of cointegration as a reduced rank of the Π matrix
H(r):rank(Π) ≤ r (8)
with
Π = αβ0, (9)
where α and β are (2 × r) matrices. We can interpret rank(Π)=r as the number
of stationary long-run relations while the cointegrating vector β is determined by
solving an eigenvalue problem. Thus, β0xt is a stationary long-run equilibrium
relation while the adjustment towards the equilibrium is driven by the vector of
loadings α.
Estimating the cointegrated VAR model requires setting a lag order q.T h e
standard Akaike and Schwartz criteria (AIC and SC) reported in table (1) rec-
ommend diﬀerent lag orders (the AIC suggests q =2while the SC suggests
q =1 ). Both tests compare the goodness of the ﬁt of maximum likelihood es-
timations and correct for the loss of degrees of freedom when additional lags
are added. Since subsequent models will be heavily parameterized we favour a
parsimonious speciﬁcation. For this reason we follow the SC and set q =1in
the VAR system because the SC uses the higher penalty for extra coeﬃcients.
The constant v is restricted to lie in the cointegrating space spanned by α for
two reasons. First, a look at the data series in ﬁgure (1) does not suggest
the presence of a linear trend in the data. Second, the restricted constant in
the cointegrating space closely corresponds to the risk premium derived in the
theoretical discussion presented above.7
The results of Johansen’s (1988) maximum likelihood estimation of the Π = αβ0
matrix are presented in table (3). For each pair of maturities x0
t =[ Rt(n),R t(3)]
the trace test and the maximum eigenvalue test cannot reject the hypothesis of
r ≤ 1 while the hypothesis of r =0is clearly rejected in all cases. The strength of
the cointegrating property weakens with maturity as reﬂected by the maximum
eigenvalue λmax which decreases as maturity n increases. Thus, we ﬁnd strong
evidence in favor of cointegration between all yield pairs and can safely set r =1
in subsequent estimations.
7The treatment of the constant has no eﬀect on the resulting rank or the cointegrating
properties.
9To test the implications of the expectations hypothesis we impose restrictions
onto the cointegrating vector β =( βlong,βshort)0. I nt a b l e( 4 )w en o r m a l i z e
βlong =1and impose the restriction β0 =( 1 ,−1) on the system. This restriction
cannot be rejected in all cases using Likelihood Ratio tests. Thus, we ﬁnd
strong support for the cointegrating implications of the expectations hypothesis:
long and short rates cointegrate with a cointegrating vector β0 =( 1 ,−1).T h e
stationary linear combination indeed corresponds to the spread implied by the
expectations hypothesis. Interestingly, the constant in the cointegrating space
grows with maturity. While at the short end of the term structure the long-run
equilibrium is given by Rt(6) − Rt(3) = 0.18, the constant grows to 1.69 for
the widest yield spread. As discussed earlier, this intercept in the cointegrating
equation can be interpreted as a risk premium embedded in long rates. Thus,
the term premium increases monotonically with maturity.
The adjustment of ∆xt towards the long-run equilibrium is described by the
vector of loading coeﬃcients α =( αlong,αshort)
0.I n t h e o r y , b o t h a d j u s t m e n t
parameters should be positive because a larger spread β0xt means that long rates
earn a higher interest rate, so long bonds must eventually depreciate and the
long rate must rise to equilibrate the system. Since the expectations hypothesis
claims that the long-rate is an average of future short rates, the short rate is
also expected to rise. However, we ﬁnd this prediction to be satisﬁed only at the
short end of the term structure, see table (5). In all other models, αlong < 0 and
αshort > 0. This pattern is clearly inconsistent with the short-run implications
of the expectations hypothesis but is totally in line with the existing empirical
evidence. Campbell and Shiller (1991) and Hardouvelis (1994), among others,
ﬁnd that changes in short rates are positively correlated with the spread while
longer yields react negatively to a widening spread in the short run.
Testing for weak exogeneity of either interest rate series amounts to restricting
the respective adjustment coeﬃcient to be equal to zero. The hypothesis αlong =
0 can be rejected for all maturities while the hypothesis αshort =0cannot be
rejected (although the signiﬁcance of rejecting increases with the maturity of the
long rate). Thus, the short rate appears to be weakly exogenous while the long
rate adjusts towards the equilibrium. This is not surprising since the short rate
can be interpreted as the instrument of monetary policy set autonomously.8
Before estimating the regime-switching model we test whether the residuals from
8Sarno and Thornton (2003) employ the federal funds rate as the short rate and ﬁnd that
most of the equilibrium adjustment occurs through movements in the federal funds rate and
not the long rate.
10the linear VECM exhibit non-linearity in the sense of deviation from the assumed
IID distribution. For this purpose the Brock-Dechert-Scheinkman (BDS) diag-
nostic tests is applied which tests the null hypothesis of linearity against an
unspeciﬁed non-linear alternative.9 The test statistic derived by Brock et al.
(1996) is asymptotically normal and is reported in table (6) for alternative para-
meter constellations. For all VECM speciﬁcations the hypothesis of linearity is
rejected at highest levels of signiﬁcance. Thus, it seems that the linear VECM
fails to capture non-linearities prevailing in the true data-generating process.
Since we cannot reject the long-run implications of the expectations hypothesis,
we now turn to the analysis of regime shifts in the short-run dynamics given this
estimated long-run equilibrium relationship.
4 A Markov-switching VECM
In this section a Markov-switching VECM is proposed that generalizes the model
described by (7) to account for regime shifts. In other words, the model is
piecewise linear in each regime but non-linear across regimes. If the number
of regimes is set to unity, the model collapses to (7). Clarida et al. (2003)
and Sarno, Thornton, and Valente (2002) use a similar approach, although for
diﬀerent purposes. They are primarily interested in the forecasting properties
of the MS-VECM and do not disentangle the regime-shifting parameters to gain
information about the behavior of the term premia.
We model regime shifts given the one-to-one equilibrium relationship found in
the previous section. Certainly, the well-established framework developed by
Johansen (1988) models long-term properties for linear systems. However, recent
work by Saikkonen (1992) and Saikkonen and Luukkonen (1997) shows that
these procedures originally developed for ﬁnite Gaussian VAR systems can be
employed when the data are generated by an inﬁnite non-Gaussian VAR.10 Thus
we follow the considerations of Krolzig (1997) and the empirical work by Krolzig,
Marcellino, and Mizon (2002), Sarno, Thornton, and Valente (2002), and Clarida
et al. (2003) and proceed in two steps by imposing the cointegrating properties
derived in the linear model onto the regime-switching model.
9Psaradakis and Spagnolo (2002) compare the relative performance of portmanteau-type
tests to detect nonlinearity generated by Markov regime-switching. They conclude that the
BDS test is generally very powerful.
10The power of residual-based cointegration tests, on the contrary, usually falls sharply in
the presence of regime shifts. See Gregory and Hansen (1996) for this issue.
114.1 Model speciﬁcation
Suppose that the system describing short and long rates is driven by an unob-
servable discrete state variable st = m with two possible regimes m ∈ {1,2}
∆xt = v(st)+Πxt−1 +
q−1 X
i=1
Γi∆xt−i + εt (10)
εt ∼ IID N(0,Σ(st)).
In contrast to the model in (7), the vector of intercept terms v(st) and the
variance-covariance terms Σ(st) of the innovations of this VECM are conditioned
on the realization of the state variable.
Given the long-run equilibrium relationship we can safely impose β0 =( 1 ,−1)
derived in the previous section. Furthermore, we can decompose the regime-
dependent vector of intercepts into one part entering the cointegrating space
and one part aﬀecting the short run dynamics ∆xt

















where the orthogonal complements α⊥ and β⊥ have full rank and are deﬁned by
α0α⊥ =0and β0β⊥ =0 . This decomposition is formally derived in the appendix.
Thus, shifts in v(st) translate into changes in the mean of the equilibrium relation
µ(st) of the system and in the expected vector of short-run drifts δ(st). Hence,
both ∆xt and β0xt−1 are expressed as deviations from their means. In other
words, each regime st is characterized by a particular attractor set (µ(st),δ(st)).
Following Hansen (2003), among others, the coeﬃcient µ corresponds to the
term premium φ included in the theoretical model. Thus, the model is able to
capture shifts in the risk premium µ along with shifts in the drift and in the
variance-covariance matrix of the innovations. We refer to this speciﬁcation as
MSIH-VECM.
In an alternative speciﬁcation which we will refer to as MSIAH-VECM we also
let the vector of adjustment coeﬃcients α to be regime-dependent. Thus, we
relax the assumption of linear adjustment towards the equilibrium







Γi (st)[∆xt−i − δ (st)] + ut. (13)
12The decomposition into attractor sets now includes α(st) instead of α.
Hamilton (1988) proposes the application of unobservable Markovian chains as
regime-generating processes
prob(st = j|st−1 = i,st−2 = k,...)=prob(st = j|st−1 = i)=pij. (14)
In the class of models applied here the regime that prevails at time t is unobserv-
able. The Markov property described in equation (14) says that the probability
of a state m at time t,i . e . st = m, only depends on the state in the previous
period, st−1. The transition probability pij says how likely state i will be followed




p11 p21 =1− p22
p12 =1− p11 p22
#
, (15)
where the element of the i-th row and the j-th column describes the transition
probability pij. Since the state variable is assumed to be unobservable, the esti-
mation procedure is based on the iterative Baum-Lindgren-Hamilton-Kim-ﬁlter
(BLHK-ﬁlter), that infers the regime-probabilities at each point in time.11 As a
by-product of the ﬁlter-inferences, a likelihood function is derived and maximized
in order to obtain parameter estimates of model parameters. The log-likelihood
function L(θ|YT) is given by the sum of the densities f(.) of the observation yt
conditional on the history of the process Yt = {yτ}
t










f(yt|st = m,Yt−1;θ) · prob(st = m|Yt−1;θ),
where the second part of this expression follows from applying the rules of con-
ditional probabilities saying that f(yt,s t = m|...)=f(yt|...) · prob(st = m|...).
The non-linear EM algorithm is applied to solve the problem
b θML =a r gm a xL(θ|YT), (18)
where the vector θ includes the MS-VECM-parameters to be estimated.
11Details about the estimation and ﬁltering techniques are provided by Krolzig (1998).
134.2 Results
The parameters of the Markov chain and some diagnostic tests of both VECM
speciﬁcations are given in table (7). First, the maximum of the likelihood func-
tion obtained from the MS-VECM is substantially higher than that from the
linear VECM. This max. ln L(.) can be interpreted as a measure of the model’s
goodness of the ﬁt since the maximum likelihood estimator represents the value
of the model’s parameters for which the sample is most likely to have been ob-
served. To test the quality of the nonlinear model against the corresponding
linear VECM, Likelihood Ratio (LR) tests are usually applied that are asymp-
totically χ2(r) -distributed with r degrees of freedom. However, the LR test
under normal conditions does not apply here due to the existence of unidentiﬁed
nuisance parameters under the alternative (the transition probabilities are not
identiﬁed under the linear model). The use of the standard χ2 distribution would
therefore cause a bias of the test against the null.12 To circumvent the problem of
unidentiﬁed nuisance parameters, a cautious approach is used in this study. This
implies that the LR test statistic is compared to a χ2(r+n) distribution where n
stands for the number of nuisance parameters.13 Since the test statistic exceeds
the critical value even under this conservative benchmark, the null-hypothesis
can be rejected at high signiﬁcance levels. In addition, the test proposed by
Davies (1977) conﬁrms the model speciﬁcation.14 Although these test statistics
must be interpreted somewhat cautiously, a non-linear regime switching spec-
iﬁcation seems to be not only appropriate but rather superior to conventional
linear models.15 Allowing for shifts in the adjustment vector provides only a
marginally better ﬁt of the model. Therefore, we treat both the MSIH- and the
MSIAH-VECM speciﬁcations as complimentary approaches.
The model endogenously separates distinct regimes characterized by a regime-
speciﬁc vector of intercepts and a regime-speciﬁc variance-covariance matrix of
the residuals.16 The characteristics of each regime are presented in tables (8)
12See Hansen (1992b), Andrews and Ploberger (1994), and Garcia (1998) for this problem.
13The LR test statistic is computed as LR =2 ( l n L(θ|YT) − lnL(θ
restr|YT)) where θ
restr
denotes the set of parameters obtained from an estimation of the restricted (linear) VECM
model.
14Note that the p-values for this test must be interpreted with caution since the conditions
under which the test works are violated here.
15Likelihood Ratio tests also reject the restriction of a regime-invariant variance-covariance
matrix. Similarly, estimations with more than two regimes do not generally improve the ﬁto f
the model.
16From the estimated transition probabilities we can derive the expected duration of each
unobservable regime. While regime 2 exhibits a mean duration of about 30 months, regime 1
14and (9). The vector of adjustment parameters in the MSIH-VECM is roughly
similar to the linear case and the aforementioned discussion of the sign of the
adjustment equally applies here. The estimated adjustment coeﬃcients for the
ﬁrst two yield pairs are all positive while the long rate adjusts negatively in the
linear VECM. This is clearly an improvement due to the acknowledgement of
regime-dependent dynamics. However, only a few coeﬃcients are signiﬁcantly
diﬀerent from zero.
Allowing for shifts in the α vector in the MSIAH speciﬁcation improves the re-
sults and provides interesting insights into the dynamics of the term structure
in periods of high volatility and high risk premia. For all pairs the adjustment
of the long rate is signiﬁcant (although negative) in regime 1. Here the ad-
justment of the long-rate is generally stronger than in regime 2. Thus, interest
rates adjust much faster towards the equilibrium in periods of unusual volatility
which, as we will see in a moment, correspond to the 1979-82 period of money
targeting: |αlong (1)| > |αlong (2)|. The short-rate, on the contrary, exhibits a
slower adjustment which is consistent with the weak exogeneity found before.
We can conclude that in regime 1 the yield spread in period t−1 contains more
information for the course of the long rate in period t than in regime 2. As
mentioned before, these results shed some light on non-linear behavior over time
while previous studies analyzed asymmetric equilibrium adjustment related to
the sign and the size of deviations.
The regime-dependent variance-covariance matrices exhibit a clear tendency for
the variance of both the long and the short rate to decrease as the horizon of
the term spread increases. Regime 1 is characterized by a much higher variance
of both the long and the short rate compared to regime 2. Thus, shifts in the
underlying regime substantially aﬀect the volatility of interest rates.17
The regime-dependent vector of intercept terms can be decomposed into regime-
speciﬁc attractor sets as explained above. These equilibrium means µ and drift
terms δ are presented in table (10). As the preceding discussion made clear, the
constant in the cointegrating space corresponds to the risk premium embedded
in the long rate. Disentangling the regime-dependent constant of the VECM
into a regime dependent mean of the equilibrium relation and a vector of drifts
thus results in a regime-dependent risk premium given by µ(st) with extremely
interesting properties. First, the risk premium in the MSIH-VECM grows with
is considerably less persistent. The results are very similar across maturities (as can be gauged
from the conditional regime probabilities) and are therefore not reported here.
17Hansen (2003), among others, also ﬁnds evidence of structural breaks in the variance-
covariance matrix of the VECM.
15maturity in each regime from µ =0 .40 f o rr e g i m e1a tt h es h o r te n dt oµ =3 .50
for the widest horizon and µ =0 .20 for regime 2 at the short end to µ =0 .98
for the widest horizon. This is consistent with the risk premia generated by the
linear VECM ranging between 0.18 and 1.69. Second, in regime 1 the long rate
always entails a premium over the short rate that is always higher than in regime
2: µ(1) >µ(2). The diﬀerence between µ across regimes grows with maturity.
As stressed by Hansen (2003), the shifts in monetary policy have an important
impact on the stochastic properties of interest rates and lead to substantial
v a r i a t i o ni nt e r mp r e m i a .I nt h eM S I A Hs p e c i ﬁcation, risk premia are generally
lower than in the case of the MSIH-VECM. However, the same tendency for
t h ep r e m i at oi n c r e a s ew i t hm a t u r i t yi nb o t hr e g i m ei sp r e s e n t ,a l t h o u g hn o t
as pronounced as in the ﬁrst case. In general, the term premium rises in times
of rising volatility.18 This is consistent with the ﬁnding of a time-varying term
premium on long rates, see Engle Lilien, and Robins (1987), that has been
proposed as an explanation for the poor failure of the expectations hypothesis
to forecast interest rates. Furthermore, this lends support to the argument of
Kozicki and Tinsley (2002) that more aggressive policy accompanied by a more
volatile policy-controlled rate induces an upward shift in the term premium.
Regime 1 exhibits a stronger short-term (negative) drift than regime 2 in both
speciﬁcations: E [∆xt|1] <E[∆xt|2]. Hence, the adjustment of interest rates is
much stronger during periods of high volatility and high risk premia.
Figure (3) presents the conditional (smoothed) regime probabilities resulting
from the estimation of the MSIH model. The probabilities obtained from the
MSIAH speciﬁcation are virtually identical and are not reported here in order
to save space. For all maturities the probabilities exhibit a strong degree of co-
movement and indicate very similar regime shifts. The most important regime
shift occurs between 1979 and 1982 when the Federal Reserve changed its oper-
ating procedures. In this sense the results mirror the ﬁndings of other papers
reviewed above. However, the virtue of the regime-switching method is the abil-
ity to let the model detect regime shifts endogenously. The regime shifts in the
term structure occurring in 1973/74 and 1984 are also found, among others, by
Ang and Bekaert (2002). The shift to regime 1 in 1973 is more pronounced at
the short end of the term structure and reﬂects tensions in US bond markets
during the ﬁnal breakup of the Bretton Woods system of ﬁxed exchange rates.
Note that the remarkable stability of regime 2 in the last third of the sample
18The evolution of term premia is generally consistent with the ﬁndings of Hansen (2003).
Premia are higher during the 1979-1982 period than before and decrease afterwards.
16that coincides with the chairmanship of Alan Greenspan since 1987.
According to the Fisher equation, yields on long term bonds reﬂect long run
inﬂationary expectations given a constant real interest rate. Moreover, inﬂation-
ary expectations are a major determinant of term premia. Thus, shifts to regime
1 correspond to shifts towards a regime of higher inﬂationary expectations. The
dates of shifts to regime 1 correspond to the narrative account of recent US mon-
etary policy of Goodfriend (1993, 1998). He identiﬁes periods of "inﬂation scare"
accompanied by sharply rising long rates and decreasing anti-inﬂation credibility.
Following periods of persistent inﬂationary expectations during the early 1970s,
the Federal Reserve engaged in aggressive disinﬂationary policy. However, ac-
c o r d i n gt oG o o d f r i e n d( 1 9 9 8 ) ,i n ﬂationary expectations rose again in 1984. This
re-emergence of inﬂation scare is reﬂected in the shift towards regime 1, see
ﬁgure (3). Throughout the last decade, regime 2 prevails indicating persistent
anti-inﬂation credibility and a stable monetary environment.
To summarize, we ﬁnd that the term structure is subject to structural shifts
induced by monetary policy. A shift to regime 1 raises the term premium,
increases volatility, and strengthens the adjustment of long rates towards the
equilibrium yield spread. Regime 1 prevails during the 1979-1982 episode and
other periods of rising inﬂationary expectations.
5C o n c l u s i o n s
It is widely argued that the stochastic process of interest rates is subject to
discrete regime shifts. At the same time, the long-run implications of the term
structure of interest rates are studied using exclusively linear, that is, regime-
invariant models.
This paper argues that we can gain additional insights about the behavior of
interest rates by studying these two issues jointly. In particular, the regime-
switching dynamics of stationary term premia and the time-varying nature of
equilibrium adjustment can only be studied in a generalization of the cointe-
grated VAR model that allows for regime shifts.
We employed a Markov-switching VECM approach to analyze the behavior of
the U.S. term structure given that interest rates of diﬀerent maturity share a
common stochastic trend. While the long-run equilibrium relation implied by the
expectations hypothesis is likely to be stable over time, the short run adjustment
of interest rates towards the equilibrium as well as the term premium embedded
in long rates shift between unobservable regimes governed by a ﬁrst order Markov
17chain. In accordance to the literature, we found these regime shifts to closely
mirror the stance and the strategy of monetary policy. During the 1979-82 shift
of the Federal Reserve from interest rate targeting to money growth targeting a
regime prevails that exhibits a high risk premium, a strong short-run drift, and
a much faster equilibrium adjustment than in previous and subsequent episodes.
Thus, this paper contributed to closing the gap between two rather separate
strands of the literature and, at the same time, provided evidence on the infor-
mation content of the term structure over time.
186 Appendix: Decomposing the VECM constant
Consider the following N-dimensional VAR(1) in error-correction form where we
drop the regime-dependence for convenience
∆xt = v + αβ0xt−1 + εt,
where α and β are (N × r) matrices and r = rank(αβ0).T h e(N × 1) vector of
unconstrained constants v can always be decomposed into two new vectors, so
that one of them belongs to the cointegration space determined by α and the










where I is the identity matrix and the orthogonal complements α⊥ and β⊥ have
full rank r and are given by α0α⊥ =0and β0β⊥ =0 . Multiplying this expression



















































This means there are (N − r) linearly independent but state-dependent drifts
collected in δ and r linearly independent but state-dependent equilibrium means
collected in µ. Hence, both ∆xt and β0xt−1 are expressed as deviations from
their means














In the MS-VECM context this procedure enables us to decompose the regime-
dependent constant v(st) into regime-speciﬁc attractor sets (µ(st),δ (st)) as
explained in the text.
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23Table 1: Choosing the lag order of the VAR system
AIC(q) SC(q)
x0
t =[ Rt(6),R t(3)] q =1 1.32 1.38∗
q =2 1.31 1.42
q =3 1.33 1.48
q =4 1.35 1.55
x0
t =[ Rt(12),R t(3)] q =1 2.29 2.36∗
q =2 2.28 2.39
q =3 2.30 2.45
q =4 2.32 2.52
x0
t =[ Rt(24),R t(3)] q =1 2.56 2.63∗
q =2 2.52 2.63
q =3 2.53 2.68
q =4 2.55 2.75
x0
t =[ Rt(60),R t(3)] q =1 2.57 2.64∗
q =2 2.55 2.66
q =3 2.56 2.72
q =4 2.58 2.78
x0
t =[ Rt(120),R t(3)] q =1 2.36 2.43∗
q =2 2.36 2.47
q =3 2.38 2.53
q =4 2.41 2.61
Notes: AIC(q) and SC(q) denote the Akaike information criterion and the
Schwartz criterion, respectively. The lag order q is chosen (indicated by *) in
order to minimize the SC.
24Table 2: Unit root tests
series ADF PP KPSS
Rt(3) const. -2.15 -2.24 0.46∗∗
no const. -1.07 -1.04
Rt(6) const. -2.48 -2.11 0.50∗∗
no const. -1.14 -1.01
Rt(12) const. -2.44 -2.03 0.51∗∗
no const. -0.97 -0.92
Rt(24) const. -1.89 -1.81 0.51∗∗
no const. -0.90 -0.87
Rt(60) const. -1.47 1.50 0.50∗∗
no const. -0.77 -0.77
Rt(120) const. -1.18 -1.28 0.50∗∗
no const. -0.65 -0.66
Rt(6) − Rt(3) const. -7.74∗∗∗ -7.72∗∗∗ 0.46∗∗
no const. -4.24∗∗∗ -4.85∗∗∗
Rt(12) − Rt(3) const. -6.40∗∗∗ -6.44∗∗∗ 0.09
no const. -4.36∗∗∗ -3.96∗∗∗
Rt(24) − Rt(3) const. -4.85∗∗∗ -4.82∗∗∗ 0.12
no const. -3.34∗∗∗ -3.02∗∗∗
Rt(60) − Rt(3) const. -3.88∗∗∗ -3.75∗∗∗ 0.19
no const. -2.70∗∗∗ -2.50∗∗
Rt(120) − Rt(3) const. -3.61∗∗∗ -3.62∗∗∗ 0.26
no const. -2.44∗∗ -2.30∗∗
Notes: Unit root tests with and without intercept term. ADF denotes the test
statistic from the augmented Dickey-Fuller test, PP denotes the test statistic
from the Phillips-Perron test, and KPSS is the Kwiatkowski-Phillips-Schmidt-
Shin test statistic. While ADF and PP test the hypothesis of a unit root, KPSS
tests the Null of stationarity against the unit root hypothesis. The lag order
for the ADF test is chosen according to the Schwartz criterion; the PP and the
KPSS test are speciﬁed using the Bartlett kernel with automatic Newey-West
bandwidth selection. A signiﬁcance level of 1%, 5%, and 10% is indicated by
∗∗∗, ∗∗,a n d∗.
25Table 3: Results of Johansen cointegration test
x0
t H0 λmax trace test λmax test
rank = r statistic 5% cv statistic 5% cv
[Rt(6),R t(3)] r =0 0.15 63.25 19.96 58.57 15.67
r ≤ 1 0.01 4.68 9.24 4.68 9.24
[Rt(12),R t(3)] r =0 0.11 44.83 19.96 40.52 15.67
r ≤ 1 0.01 4.31 9.24 4.31 9.24
[Rt(24),R t(3)] r =0 0.07 28.66 19.96 24.74 15.67
r ≤ 1 0.01 3.92 9.24 3.92 9.24
[Rt(60),R t(3)] r =0 0.05 21.89 19.96 18.62 15.67
r ≤ 1 0.01 3.27 9.24 3.27 9.24
[Rt(120),R t(3)] r =0 0.05 20.86 19.96 18.23 15.67
r ≤ 1 0.01 2.63 9.24 2.63 9.24
Notes: Johansen test for one lag (in levels). The constant is restricted to lie in
the cointegrating space. λmax denotes the maximum eigenvalue. The trace test,
the λmax test, and the critical values are explained in detail in Johansen (1995).
The 5% critical values are from Osterwald-Lenum (1992), table 1.
26Table 4: Identiﬁcation of the cointegrating space
x0
t const. β0 =[ 1 , βshort] H0 : βshort = −1
βshort LR (χ2) p
[Rt(6),R t(3)] 0.18 (0.08) -1.01 (0.01) 0.67 0.41
[Rt(12),R t(3)] 0.54 (0.20) -0.99 (0.03) 0.07 0.79
[Rt(24),R t(3)] 1.08 (0.40) -0.96 (0.05) 0.46 0.50
[Rt(60),R t(3)] 1.46 (0.71) -0.95 (0.10) 0.12 0.73
[Rt(120),R t(3)] 1.69 (0.87) -0.96 (0.12) 0.05 0.82
Notes: The constant is restricted to lie in the cointegrating space. The Likelihood
Ratio (LR) test statistic of the hypothesis βshort = −1, i.e. the cointegrating
vector (1,−1)0, is asymptotically χ2 distributed. The marginal signiﬁcance level
is given by p. Standard errors in parenthesis.
Table 5: Testing for weak exogeneity
x0
t α0 =[ αlong, αshort] H0 : αlong =0 H0 : αshort =0
αlong αshort LR (χ2) p LR (χ2) p
[Rt(6),R t(3)] -0.28 (0.13) 0.02 (0.14) 3.91 0.05 0.02 0.89
[Rt(12),R t(3)] -0.14 (0.07) 0.07 (0.07) 3.95 0.05 0.92 0.34
[Rt(24),R t(3)] -0.07 (0.04) 0.06 (0.05) 3.04 0.08 1.34 0.25
[Rt(60),R t(3)] -0.04 (0.02) 0.04 (0.03) 3.73 0.05 1.67 0.19
[Rt(120),R t(3)] -0.03 (0.01) 0.04 (0.02) 4.64 0.03 2.39 0.12
Notes: The Likelihood Ratio (LR) test statistic of the hypothesis of weakly
exogenous long or short rates is asymptotically χ2 distributed. The marginal
signiﬁcance level is given by p. Standard errors in parenthesis.
27Table 6: Linearity tests on VECM residuals
residuals from BDS test statistic
w =2 w =3


































































Notes: BDS test for iid-linearity against an unspeciﬁed alternative applied to
the residuals from the linear VECM. The test statistic is asymptotically normal.
The distance parameter is given by η, which is set equal to 0.5 and 1.5 times the
standard deviation σ as recommended by Brock et al. (1996). The maximum
dimension is given by w.As i g n i ﬁcance level of 1% and 5% is indicated by ∗∗∗
and ∗∗. Bootstrapped p-values indicate virtually identical levels of signiﬁcance
and are not reported here.
28Table 7: Results from MS-VECM estimations
x0
t max. ln L(θ|YT) Markov chain






[Rt(6),R t(3)] -222.94 9.59 465.07 0.00 0.00 0.88 0.96
[Rt(12),R t(3)] -391.55 -162.49 458.12 0.00 0.00 0.90 0.97
[Rt(24),R t(3)] -438.49 -238.37 400.24 0.00 0.00 0.89 0.97
[Rt(60),R t(3)] -440.02 -268.23 343.57 0.00 0.00 0.89 0.98
[Rt(120),R t(3)] -403.30 -254.93 296.76 0.00 0.00 0.87 0.97
Results from MSIAH-VECM
[Rt(6),R t(3)] -222.94 13.80 473.50 0.00 0.00 0.88 0.96
[Rt(12),R t(3)] -391.55 -160.29 462.53 0.00 0.00 0.90 0.97
[Rt(24),R t(3)] -438.49 -236.69 403.60 0.00 0.00 0.89 0.97
[Rt(60),R t(3)] -440.02 -266.15 347.74 0.00 0.00 0.89 0.97
[Rt(120),R t(3)] -403.30 -250.81 304.98 0.00 0.00 0.85 0.96
Notes: The Likelihood Ratio (LR) test statistic with a marginal signiﬁcance level
p(χ2) is adjusted to correct for unidentiﬁed nuisance as explained in the text and
is computed as LR =2 ( l n L(θ|YT) − lnL(θrestr|YT)) where θrestr denotes the
set of parameters obtained from an estimation of the restricted (linear) VECM
model. The signiﬁcance level p(Davies) invokes the upper bound derived by
Davies (1977).
29Table 8: Results from MS-VECM: intercepts and variances
xt v(1) v(2) ˜ Σ(1) ˜ Σ(2)
















































































































Notes: The regime-dependent vector v(st) contains the intercept terms, and the
diagonal elements (the variances) of the regime-dependent variance-covariance
matrices are given by ˜ Σ(st).
30Table 9: Results from MS-VECM: error-correction coeﬃcients
x0
t α(1) α(2)
αlong αshort αlong αshort
Results from MSIH-VECM
[Rt(6),R t(3)] 0.13 (0.11) 0.40 (0.09)
[Rt(12),R t(3)] 0.01 (0.06) 0.19 (0.05)
[Rt(24),R t(3)] -0.03 (0.03) 0.06 (0.03)
[Rt(60),R t(3)] -0.03 (0.02) 0.01 (0.02)
[Rt(120),R t(3)] -0.03 (0.01) 0.01 (0.02)
Results from MSIAH-VECM
[Rt(6),R t(3)] -0.66 (0.09) -0.29 (0.00) 0.25 (0.05) 0.49 (0.00)
[Rt(12),R t(3)] -0.26 (0.07) -0.02 (0.00) 0.07 (0.08) 0.23 (0.00)
[Rt(24),R t(3)] -0.12 (0.05) 0.04 (0.00) -0.00 (0.02) 0.07 (0.00)
[Rt(60),R t(3)] -0.08 (0.04) 0.07 (0.00) -0.02 (0.02) 0.01 (0.00)
[Rt(120),R t(3)] -0.09 (0.03) 0.05 (0.00) -0.01 (0.01) 0.01 (0.00)
Notes: The regime-invariant α in the MSIH-VECM speciﬁcation is listed under
α(1) for convenience. The vector of adjustment coeﬃcients is given by α(st).
Standard errors in parenthesis.
31Table 10: Decomposition of VECM constant into attractor sets
xt µ(1) µ(2) diff. δ (1) δ (2)


















































































Notes : The decomposition is derived in the appendix. The regime-dependent
equilibrium mean is given by µ(st)=−(β0α)−1[β0v(st)], the regime-dependent
vector of drifts is given by δ (st)=β⊥(α0
⊥β⊥)−1α0
⊥v(st). The diﬀerence µ(st =1 ) −
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Figure 2: Spread (in percentage points) between annual yields on bond of ma-
turity n, Rt(n), and three-months bond, Rt(3).
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Figure 3: Conditional (smoothed) probability of regime 1 obtained from bivariate
MSIH-VECM model for short rate (n =3 ) and long rate of maturity n =
{6,12,24,60,120} months (from top to bottom)
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